Abstract | How do brain systems evaluate the affective valence of a stimulus -that is, its quality of being good or bad? One possibility is that a neural subsystem, or 'module' (such as a subregion of the brain, a projection pathway , a neuronal population or an individual neuron), is permanently dedicated to mediate only one affective function, or at least only one specific valence -an idea that is termed here the 'affective modules' hypothesis. An alternative possibility is that a given neural module can exist in multiple neurobiological states that give it different affective functions -an idea termed here the 'affective modes' hypothesis. This suggests that the affective function or valence mediated by a neural module need not remain permanently stable but rather can change dynamically across different situations. An evaluation of evidence for the 'affective modules' versus 'affective modes' hypotheses may be useful for advancing understanding of the affective organization of limbic circuitry.
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The affective valence of a stimulus or event is its quality of being perceived as 'good' versus 'bad' . Affective valence is never simply an inherent quality of any external stimulus but rather must be actively generated by the brain's limbic systems and translated into hedonic, emotional and/or motivational reactions [2] [3] [4] . Affective valence has both hedonic and motivational aspects. The hedonic aspects of affective valence include positive hedonic impact (pleasure) or negative hedonic impact (displeasure or pain). These are the affective kernels of rewards and punishments as well as components of many emotions [5] [6] [7] [8] . The motivational aspects of affective valence include functions that promote pursuit of rewards (such as incentive salience and declarative goals) and functions that mediate threat avoidance (such as fearful salience and passive avoidance) [9] [10] [11] . Affective valence is commonly experienced consciously as a subjective scales. As such, I here use the term neural module to describe any of the following: an anatomical subregion within a brain structure, a specific neurotransmitter signal in a structure, a specific neuronal subpopulation or even a single neuron. A neural module will be further defined as becoming also a putative affective module when experimenters assign it a specific role related to an affective function 2, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] . Examples of proposed affective modules include an 'appetitive projection' , a 'reward subregion' , an 'aversive subpopulation of neurons' or a 'defensive neuron' 21, [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . Affective module hypotheses predominate in neuroscience today because they correspond to a traditional view of brain function in which the brain is decomposable into functional anatomical units, each with its own task. This view has been in place at least since the 1835 publication of Müller's 'law of specific nerve energies' 37 , which legitimately posited that different cranial nerves mediate distinct sensory modalities. Within sensory modalities, a modular organization in the brain also gives rise to topographic maps such as somatotopic homunculi, retinotopic maps and tonotopic maps 38 . Indeed, a module-based organization underlies essentially all localizations of brain function. When applied to affective valence, this view treats limbic neural modules as 'affective labelled lines' , each carrying a permanently assigned affective valence-related function.
An alternative answer to the question of how brain systems mediate valence is what I will call here the 'affective modes' hypothesis [39] [40] [41] . This hypothesis suggests that a given neural module may not be permanently dedicated to just one affective function but rather have multiple neurobiological affective modes as states or conditions change, which give it different affective valence-related functions ( fig. 1 ). An affective mode is thus defined as one of several potential states of the same neural module, with different affective functions, and could correspond to a particular pattern of neurochemical stimulation or genomic activation of the module, a particular frequency or temporal pattern of electrical excitation within the module, a particular neurobiological state of the larger circuitry in which the neural module is embedded feeling, but valence also influences many objectively measurable reactions, both behavioural and physiological [12] [13] [14] (Box 1).
Consequently, even in adult humans, objective affective reactions can occur either with conscious feelings or without them, depending on neural and psychological circumstances 3, 4, 8, 12, 15, 16 . That is to say, subjective hedonic experience is a usual feature of affective valence but is not always a necessary feature. Therefore, in this article, I use quotation marks to distinguish between objective affective reactions (such as orofacial 'liking' reactions) and the subjective feelings denoted by the same words (such as the subjective feeling of liking).
How do brain systems generate the difference between positive valence and negative valence? A traditional answer to this question is given by what I call here the 'affective modules' hypothesis ( fig. 1 ). This hypothesis (perhaps better described as a set of similar hypotheses) posits specific neural systems (which I here term 'modules') to be each reliably and permanently dedicated to the generation of a single affective valenced reaction in a one-to-one fashion. The proponents of this idea have applied it to neurobiological units of various types and or other factors that alter the final output. Affective modes might shift with changes of internal physiological body states that modify neurobiological signalling and with changes of external stimuli, environmental ambience or other psychological conditions that modify relevant neurobiological states. It is proposed that these dynamic switches between affective modes can alter the affective function of a neural module as conditions change. Different neural modes might even shift some putative affective modules back and forth between positive-valence and negativevalence reactions. As described below, the affective modes hypothesis is consistent with evidence that much of the same limbic circuitry becomes activated by stimuli associated with both positive and negative valence or during many different emotions 39, 42 . In the remainder of this article, evidence for the affective modules and affective modes hypotheses is described and compared, focusing on the functions of proposed affective modules in the nucleus accumbens and the amygdala as useful examples (although these hypotheses would apply just as well to the hypothalamus or other limbic structures). In evaluating the evidence, I assume that the best criterion for concluding that an affective module is permanently dedicated to a single affective function would be its capacity to resist changes in affective function under a wide range of conditions. By contrast, evidence that an affective module switches its affective functions under particular conditions would support the conclusion that it has multiple affective modes.
Evidence from the nucleus accumbens Role of mesolimbic dopamine in reward: 'liking', learning or 'wanting'?. The search for affective modules in the nucleus accumbens has been ongoing for several decades ( fig. 1 ). It began in the 1980s with manipulations of the mesolimbic dopamine system that projects from the midbrain to the nucleus accumbens, which many expected to be a positive-valence hedonic module for pleasure 43 . Most researchers in the field at this time were guided by a dominant 'dopamine anhedonia' hypothesis, which stated that suppression of dopamine's actions reduced the psychological hedonic impact or pleasure of sensory rewards 44 . The experiments supporting this hypothesis had used dopamine receptor antagonists 23, 41 to suppress dopamine signalling, for example, causing rats to gradually cease working for or consuming sensory rewards (such as food, sex or brain stimulation) as though the hedonic impact of these rewards had drained away 44 . It was therefore surprising when, around the year 1990, the first results from experiments measuring affective facial 'liking' reactions to sweetness in rats (a more direct measure of hedonic impact 226 | APRIl 2019 | volume 20
www.nature.com/nrn P e r s P e c t i v e s Box 1 | Affective reactions that can be objectively measured examples of objective behavioural affective reactions include facial expressions of 'liking' or 'disgust', which reflect the hedonic impact of sweet or bitter tastes, respectively. Positive-valenced 'liking' reactions (such as lip licking and tongue protrusions) are elicited by sweet tastes in human infants, apes, monkeys and rodents, whereas negative-valenced 'disgust' reactions (including gaping, headshaking and forearm flailing) are elicited by bitter tastes (see the figure, part a) 108, 109 . These affective reactions can be modified by factors that alter the hedonic impact of a particular taste, including physiological factors (such as hunger and/or satiety states), psychological factors (such as learned preferences and/or aversions) and neurobiological manipulations (such as neural inhibition or stimulation) (reviewed in ref.
2 ). Similarly, appetitive food seeking and eating are positively valenced behaviours that can reflect 'wanting' food rewards (see the figure, part b) .
The negatively valenced objective reactions of animals also include a variety of passive and active 'fearful' reactions to threatening stimuli (see the figure, part b) . For example, an auditory Pavlovian conditioned stimulus predicting footshock elicits freezing in place as a passive defensive reaction in rats or mice [110] [111] [112] , whereas a moving 'robogator' predator elicits active defensive or avoidance responses from rats 86 . Similarly, a rattlesnake, a shock-delivering object or another localized aversive threat elicits active defensive burying reactions that can deflect the perceived threat in squirrels, rats and mice [113] [114] [115] [116] . measurable valenced reactions can also be emotionally specific; for example, 'disgust' and 'fear' are both negatively valenced defensive reactions but are qualitatively different from each other psychologically and behaviourally, elicited by distinct stimuli and have distinguishable (although partly overlapping) neural mechanisms 12, 70 . even 'fear' itself may describe any of a collection of different subtypes of valenced reactions 86, 117 . a b 'Liking' reactions to sweet taste 'Disgust' reactions to bitter taste
Defensive burying
Escape and bite
Vocalize distress
Defensive 'fearful' behaviours Appetitive eating behaviour of a sensory pleasure that did not depend on voluntary pursuit or consumption) revealed that dopamine disruption, either by antagonist administration or by near elimination of all mesolimbic dopamine (via large 6-hydroxydopamine lesions that destroyed dopaminergic projections), did not suppress the 'liking' reactions to rewards after all. Instead, these manipulations suppressed only 'wanting' for the same rewards expressed as pursuit or consumption 43 . Subsequent stimulation of dopamine signalling by mesolimbic electrical stimulation or by drug microinjections in the nucleus accumbens confirmed that mesolimbic dopamine signalling caused increases in 'wanting' but not 'liking' the same reward 2, [45] [46] [47] . Dopamine neurons are often activated by predictive cues for reward 48, 49 , and studies showed that incentive salience or 'wanting' was the psychological form of cue-triggered motivation mediated by mesolimbic dopamine, creating temporary urges to seek and consume the signalled reward 12,50-53 and making reward cues more attractive and attention riveting [54] [55] [56] [57] . In short, mesolimbic dopamine neurons appeared to be part of a module for cued incentive salience within the reward system rather than part of a module for hedonic impact 48, 49, 58 .
Nucleus accumbens hedonic hot spot.
A different neural module in the nucleus accumbens was eventually found that did amplify the hedonic impact of sensory pleasure. This was one of what later were found to be several interactive opioid-related 'hedonic hot spots' that form a network for enhancing 'liking' reactions to sweetness and were identified originally in rats 2, 47, [59] [60] [61] [62] [63] . These hedonic hot spots are small (1-6 mm 3 volume in rats), bilateral subregions that are distributed and functionally interactive across the orbitofrontal cortex, insula, nucleus accumbens, ventral pallidum and brainstem 2 . Each hedonic hot spot is neurochemically restricted to only a few neurotransmitter signals that are responsible for amplifying 'liking' reactions 2 . For example, in hedonic hot spots, neurochemical stimulations of opioid, endocannabinoid or orexin signalling (but never dopamine signalling) have been found capable of enhancing 'liking' reactions to sweetness 2, 47, [59] [60] [61] [62] [63] . Thus, the network of these hedonic hot spots could be considered a 'liking' module in that they collectively amplify the hedonic impact of pleasant rewards. In the nucleus accumbens hedonic hot spot, which is located in its rostrodorsal medial shell ( fig. 2a) , even volume 20 | APRIl 2019 | 227 NATuRe RevIewS | NEurosciENcE P e r s P e c t i v e s In the example shown here, which is based on some of the findings described in this article, a hypothesis of affective modules suggests that there are at least four affective modules within the nucleus accumbens shell. Each module is dedicated to mediating just one of four affective functions (the positive-valenced 'liking' and 'wanting' reactions and the negative-valenced 'fear' and 'disgust' reactions 2, 61, 62, 70 ) and is activated by particular manipulations of the nucleus accumbens (for example, 'liking' enhancement is triggered by opioid stimulation in the rostrodorsal quadrant of the medial shell 62 ). b | An affective modes hypothesis that accounts for the same data would allow a given affective module (a given neuron, projection, neural system or subregion) to have more than one mode. For example, in the schematic example, module 1 (corresponding to a rostrodorsal site in the nucleus accumbens shell) can generate either pure 'wanting' (after dopamine receptor stimulation or AMPA receptor (AMPAR) blockade) 45, 47, 70 or 'liking' plus 'wanting' (in response to opioid receptor stimulation 47, 62 ). Module 4 (corresponding to the caudal shell) can generate 'wanting' alone (after dopamine receptor or µ-opioid receptor stimulation) 50, 62 , 'fear' alone (after AMPA receptor blockade) 41, 70 or 'disgust' plus 'fear' (after GABA agonist microinjection) 61, 70 . However, a particular module may still have unique features that distinguish it from other modules (for example, only one of the modules illustrated has the capacity to enhance 'liking' 47, 62 and only one has the capacity to generate 'disgust' 61, 70 ). A particular module also may retain a valence bias across modes (for example, module 1 has strong positive-valenced bias 41, 62, 70 , whereas module 4 has a negative-valenced bias 41, 70 ) but still be capable of generating affective reactions of the opposite valence in particular modes (such as the switching between generation of 'wanting' and 'fear' by intermediate modules 23, 41 , or the 'wanting' enhancement obtained from negatively biased module 4 in the dopamine receptor or µ-opioid receptor stimulation modes 45, 50, 62 ). GABAR , GABA receptor.
stimulation of κ-opioid receptors amplified positive hedonic reactions, although κ-opioid receptor stimulation generates aversive reactions at many other brain sites 62, 64 . However, in most of the nucleus accumbens shell outside the hedonic hot spot, opioid stimulation mimics the effects of dopamine stimulation described above; that is, it enhances only 'wanting' without 'liking' , while even simultaneously suppressing 'liking' at some sites 50, 62, [65] [66] [67] . Perhaps underlying the ability of the hot spot of the nucleus accumbens to act as a 'liking' module, this subregion has unique anatomical features when compared with the remainder of the nucleus accumbens 68, 69 . However, as I describe below, the nucleus accumbens hedonic hot spot also has other functional neurochemical modes that turn it into a pure 'wanting' module 2, 47, 62, 70 .
Nucleus accumbens motivation modules.
In addition to the hedonic hot spots described above, a different type of nucleus accumbens modular organization has been reported, consisting of a rostrocaudal gradient of regions generating respectively intense appetitive-defensive reactions (indicative of bipolar motivational aspects of affective valence) in the nucleus accumbens medial shell 23, 41 . This form of motivation generation supports the hypothesis that local neuronal inhibition of GABAergic output projections from the nucleus accumbens can disinhibit downstream targets in the ventral tegmentum, ventral pallidum and lateral hypothalamus to produce motivation for reward and extends that principle to defensive motivations as well 71, 72 . These different nucleus accumbens motivational modules were first revealed by the results of experiments using inhibitory drug microinjections to alter local amino acid signalling in rats. These included antagonists of glutamate (AMPA) receptors (such as 6,7-dintroquinoxaline-2,3-dione (DNQX)) and GABA A receptor agonists (such as muscimol) 70, [73] [74] [75] . At rostral nucleus accumbens shell sites, such microinjections cause increases in appetitive eating and can establish positive learned preferences for an associated place ( fig. 2b ). By contrast, at caudal sites, the same drug microinjections instead generate intense defensive behaviours, such as anti-predator burying, establish a negative place avoidance and cause an approaching human hand to elicit distress calls, escape jumps and even bites from normally tame rats 70, [73] [74] [75] . Rostral and caudal sites in the medial shell of the nucleus accumbens thus appear to be different affective modules generating motivations of . The axis numerals mark stereotaxic coordinates relative to Bregma. Conversely , in a caudal 'hedonic cold spot', the same opioid microinjections suppressed 'liking' reactions by ~50% (red circles). The bottom section shows the location of a shared opioid hot spot for hedonic enhancement and shared cold spot for hedonic suppression. b | A sagittal view of the rat nucleus accumbens shows a bivalent rostrocaudal gradient pattern of affective modules in the medial shell, revealed by microinjections of a glutamate AMPA receptor antagonist. Dark blue circles indicate microinjection sites that produced selective increases in appetitive motivation to eat food 41 (similar results were shown in ref. 23 ). Yellow circles show microinjection sites that enhanced both mixed appetitive and defensive behaviours, with these behaviours typically alternating in the same rat in the hour after microinjection. Red circles show microinjection sites that enhanced only actively defensive or 'fearful' behaviours. This study revealed shifts of the valence function of many microinjection sites driven by changes in environmental ambience. When rats were tested in a quiet, dark home environment, microinjection at most sites enhanced only appetitive behaviour. In a standard laboratory environment with moderate illumination and background sound levels, the nucleus shell was evenly divided between rostral appetitive, central mixed and caudal defensive zones. In a stressful highly illuminated and noisy laboratory environment, defensive and mixed zones expanded whereas the appetitive zone shrank to only the far-anterior edge. C, caudal; D, dorsal; R , rostral; V, ventral. Part a republished with permission of the Society for Neuroscience, from Opioid hedonic hotspot in nucleus accumbens shell: Mu, delta, and kappa maps for enhancement of sweetness "liking" and "wanting". Castro opposite valences in the sense that appetitive versus defensive reactions are produced by the same microinjection drug, depending on its placement along the rostrocaudal gradient.
Multiple modes of anatomical nucleus accumbens modules. Despite the initial evidence for the presence of affective modules in the nucleus accumbens shell, further experiments (described below) revealed that a given anatomical site in the rat nucleus accumbens shell can change modes to switch its affective function (figs 1b,2b). Not only can many sites in the medial shell switch affective modes in response to different neurochemical states, but some can also switch between positive and negative affective valence simply owing to a shift in the emotional ambience of the outside environment, even when they are in the same neurochemical state 23, 41 . For example, in a test environment that is comfortably quiet, dark and similar to a rat's home cage, AMPA receptor-blocking microinjections at most sites in the nucleus accumbens generate reactions of purely appetitive motivation 23, 41 . However, when the environment is stressfully brighter and noisier than a standard laboratory, identical AMPA receptor-blocking microinjections at most of the same sites instead generate mostly 'fearful' reactions 23, 41 ( fig. 2b) . Clearly, most sites within the nucleus accumbens medial shell are not permanently tuned to one affective valence function but rather have multiple modes that can dynamically flip to generate motivations of opposite affective valence as conditions change.
This reversal of affective valence mediated by the same nucleus accumbens module may depend on activation patterns of the larger mesocorticolimbic circuitry in which the nucleus accumbens is embedded, on the pattern of presynaptic input to the nucleus accumbens site or on other neurobiological factors influenced by the current environment 23, 41 . Perhaps pointing to an underlying neurobiological mechanism for this switch within the nucleus accumbens, it has been shown that this environmental 'retuning' of affective valence also alters the neurochemical mode of neurons at the shell site of microinjection. For example, nucleus accumbens sites were shown to require only endogenous D1 dopamine receptor (DRD1) stimulation in order for the AMPA-receptor-blocking microinjection to generate appetitive behaviour in the comfortable environment; however, in the stressful environment, simultaneous endogenous stimulation of both D2 dopamine receptors (DRD2) and DRD1 was required at the same sites for the drug microinjection to generate defensive behaviour 23 . Mesolimbic dopamine is similarly reported to facilitate 'fearful' avoidance of aversive events 76 as well as motivation for rewards.
Of course, some might suggest that a shift in DRD2 dependence indicates that there has been a shift between two different nucleus accumbens modules (composed of DRD1-expressing versus DRD2-expressing neurons) rather than between modes of the same module. After all, DRD1 and DRD2 are expressed on mostly different medium spiny neurons in the nucleus accumbens 77 . Medium spiny projection neurons that express DRD1 in the nucleus accumbens are often considered to mediate reward motivation, whereas DRD2-expressing neurons have been proposed by many to either suppress reward motivation and/or to mediate aversive motivation [17] [18] [19] [20] [21] [22] . On the other hand, DRD1 neuronal stimulation also remained necessary for 'fear' generation by nucleus accumbens glutamate blockade. Furthermore, the idea that nucleus accumbens DRD2-expressing neurons are anti-reward modules faces some challenges that also call into question their modular identity. For example, it has been reported that nucleus accumbens DRD2-expressing neurons have a role in some forms of positive affective valence, such as positive appetitive motivation for reward, as well as in negative affective valence [78] [79] [80] [81] [82] . For example, DRD2-Cre mice are willing to work at least at moderate levels in order to optogenetically self-stimulate DRD2 neurons in the nucleus accumbens under some conditions 78 . Further evidence for affective modes comes from experiments showing that shifting the neurochemical manipulation of the nucleus accumbens can add 'disgust' to the 'fear' reactions elicited by particular sites. When in a GABAergic mode (that is, after GABA A agonist microinjections), caudal sites in the rat nucleus accumbens shell produce intense affective 'disgust' reactions even in response to sucrose taste, in addition to the amplified 'fearful' defensive reactions described above 61, 70, 73 . By contrast, when these sites are in a glutamate-blocked mode (that is, after microinjections of an AMPA receptor antagonist), only defensive motivation-related reactions are enhanced and 'liking' reactions to sucrose remain unsuppressed. Conversely, at rostral nucleus accumbens shell sites, the GABAergic mode can generate enhancement of hedonic 'liking' reactions to sucrose, whereas the glutamate-blockade mode generates only the appetitive motivation to eat 70, 75, 83, 84 .
The addition of hedonic affective reactions in the form of 'liking' and 'disgust' mode might be explained by a stronger inhibitory hyperpolarization of nucleus accumbens neurons by the GABA agonist microinjection (which opens Cl − ion gates), which might disinhibit downstream structures more effectively than AMPA receptor blockade (which merely prevents glutamatergic depolarizations) 70 . Another difference in the neuronal state underlying the affective shift is that endogenous dopamine is needed at the nucleus accumbens site for the local glutamate blockade to generate appetitive or defensive motivations but is not needed for the GABAergic mode to generate 'liking' or 'disgust' at the same site 23, 73, 85 . In short, both anatomical sites and specific neuronal subpopulations (such as DRD1-expressing or DRD2-expressing neurons) in the nucleus accumbens that have been proposed to be affective modules can flip between having a role in positive affective valence versus having a role in negative affective valence under some conditions. This flipping suggests that, although nucleus accumbens modules (defined as neural subsystems with distinguishable affective capabilities and affective valence biases) do exist, most may not be exclusively dedicated to mediating a single affective valence. That is, nucleus accumbens modules may be better thought of as having multiple affective modes.
Evidence from the amygdala Some might consider the amygdala to be an especially likely region to contain permanent, labelled-line affective modules. Depending on the author, amygdala affective modules have been suggested to be particular amygdala nuclei or subregions of nuclei, particular point-to point projections, particular neuronal subtypes or individual neurons 21, [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . However, as outlined below, there is some evidence to suggest that at least some of these putative affective modules can switch functional modes 86, 87 .
Roles of the amygdala in valence.
The amygdala as a structure has historically been portrayed as a mostly negative-valenced module that is primarily dedicated to 'fear' and defensive reactions, a reputation that has arisen in large part owing to the many studies of Pavlovian fear learning mediated by the basolateral nucleus of the amygdala (BLA) and the central nucleus of the amygdala (CeA) 24, 25, 35, 88 . For example, a recent discussion of the roles of the amygdala suggested that various views "all imply that if through psychotherapy or pharmaceutical treatment volume 20 | APRIl 2019 | 229 NATuRe RevIewS | NEurosciENcE you successfully reduce amygdala activity … pathological fear should be ameliorated" 24 . However, there is evidence that the role of the amygdala in 'fear' motivation may vary with situation, depending on whether the type of defensive behaviour being controlled is passive conditioned freezing, passive avoidance, active anti-predator reactions or active instrumental avoidance (reviewed in ref.
86
). Beyond fear, both the BLA and the CeA are now widely recognized to participate also in appetitive motivation for rewards and in positive emotions 21, [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] , even by neuroscientists who mostly study 'fear' learning and defence responses 25, 35, 88 . Given that the amygdala contributes to both negative valence and positive valence, many neuroscientists have proposed a division of amygdala circuitry into two opposing groups of smaller modules: some permanently dedicated to positive valence and others to negative valence 21, [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] .
Amygdala projection modules.
Connectivity-based amygdala hypotheses suggest that specific point-to-point projection modules, which send axons from one brain structure or subregion to another particular target, distinguish positive valence from negative valence [25] [26] [27] 89 . For example, projections to the BLA from a 'sweet-coding' zone of the gustatory insula cortex have been suggested to mediate positive valence 89 , whereas projections to the CeA from a slightly posterior 'bitter-coding' cortical zone in the insula were suggested to mediate negative valence. Similarly, projections to the lateral capsule of the CeA ascending from the parabrachial nucleus of the pons, which express calcitonin gene-related peptide, have been suggested to carry negative-valenced signals of pain or other threats 89, 90 . Within the amygdala itself, defensive motivation is traditionally viewed as being mediated by a serial relay of projections from the BLA to the CeA [25] [26] [27] 91 . Appetitive motivation for reward has instead been suggested to be mediated by parallel projections through the BLA and CeA and by projections from the BLA to the nucleus accumbens 26, 28, 29 . However, it is worth noting that stimulation of the BLAnucleus accumbens pathway also has been reported to suppress appetitive seeking and alcohol consumption 92 and that, conversely, BLA projections to the CeA also have been implicated in appetitive motivation 31, 93 . Thus, at least some of the projection modules that have been proposed to be exclusively dedicated to one valence may switch to different valence functions under some conditions. Neuronal population modules in the amygdala. Many neuronal subpopulation modules have been proposed for the amygdala: according to these, specific types of neuron mediate positive valence whereas other types of neuron are proposed to mediate negative valence. Within the BLA, separate populations of neurons have been suggested to respectively code rewarding nicotine and aversive footshock stimuli 30 . Furthermore, only stimulation of the footshock-coding neurons causally established Pavlovian freezing as a learned defensive response, consistent with a role for these neurons in mediating negative valence. Another study proposed that defensive behaviours are mediated by a BLA population of magnocellular R-spondin 2-expressing (RSPO2 + ) neurons 31 . These RSPO2 + neurons may also have a projection-based and subregion-based modular identity in that they project specifically to the lateral half of the CeA (CeL). By contrast, appetitive behaviours have been suggested to be promoted by a different BLA population that projects to the CeA -parvocellular neurons that express protein phosphatase 1 and project to both the CeL and the medial CeA (CeM) 32, 94 . However, it has recently been suggested that many BLA neurons that respond to reward-related stimuli may respond to threat-related stimuli in different conditions, raising the possibility that these neuronal populations have different affective modes 87 .
Within the CeA, a specific population of neurons that express DRD2 and protein kinase C δ-type (PRKCD) have been proposed to mediate defensive 'fear' reactions 32 . Anatomically, these neurons are located primarily in the anterior CeA and in the capsular nucleus of the CeA. Similarly, a population of CeA neurons that release corticotropin releasing factor (CRF) have been proposed for decades to be part of a negative-valence stress circuit activating to mediate the aversiveness of stressful stimuli as well as the unpleasantness of drug withdrawal in addiction [95] [96] [97] . Conversely, positive valence of appetitive motivation in the CeA has been proposed to be mediated by several neurochemically diverse populations of neurons that are generally distributed anatomically throughout the entire CeA 32, 98, 99 . A different, more anatomical division of valence in CeA has also been proposed on the basis of tyramide-amplified immunohistochemistry-fluorescence in situ hybridization (TAI-FISH) measures of two successive waves of immediate gene expression triggered in neurons respectively by serial rewarding and aversive stimuli 21 . This proposal suggests that aversive valence is mediated by medial neurons in the CeM, whereas reward is mediated by neurons located in the lateral half of the CeL. However, a somewhat contrasting proposal is that RSPO2 + neurons specifically in the CeL mediate negative-valence functions 31 , and this is consistent with another suggestion that PRKCD-expressing neurons located in the CeL exert an anti-appetitive role and suppress food intake 36 . Finally, another hypothesis suggested that CeA 5-hydroxytryptamine receptor 2A (HTR2A)-expressing neurons (which lack PRKCD) mediate appetitive increases in eating 33 and inhibit conditioned fearful reactions 34 . There may be merit to all these modular amygdala proposals, but there is also substantial divergence across proposals and across the findings from laboratory to laboratory. This makes it difficult to extract any strong unifying conclusion that will apply as a general rule for parsing valence among modules in the amygdala. Instead, some may view discrepancies as adding support to the possibility that putative amygdala modules may not be permanently dedicated to a single affective function. Indeed, it may be worth considering alternative explanations, including the possibility that such modules are capable of more flexible modes of valence operation.
Evidence for affective modes in the amygdala. Some recent evidence from studies that have used optogenetic stimulation to investigate the roles of the amygdala in incentive motivation supports the hypothesis that some CeA modules described above actually may have multiple affective modes. For example, it has been shown that optogenetic stimulation of neurons generally at widespread sites in the CeA can magnify positive incentive motivation for sucrose or cocaine 51, 100 , although the stimulation would have recruited many of the CeA modules that have been posited to mediate negative affective valence.
In these studies, a particular sensory reward (such as one of two sucrose options, or one of two cocaine options) was paired with brief optogenetic stimulation of neurons in the CeA in rats 51, 100 . For example, rats were offered opportunity to press either of two levers to earn identical sucrose rewards while CeA stimulation was paired with only one of those sucrose rewards, or the rats were offered opportunity to earn identical intravenous cocaine rewards while CeA stimulation was paired with only one of those drug rewards 51, 100 . In both cases, the CeA stimulation magnified and focused incentive motivation specifically upon the laser-paired reward; that is, rats escalated effort and pursued and consumed only their laser-paired reward, mostly ignoring the other option. These incentive-focusing effects were achieved using a synapsin promoter to express channelrhodopsin (the target of the laser stimulation), which would infect most neuronal subpopulations. Equivalent incentive enhancements were produced by laser stimulation at many anatomical sites widely scattered throughout CeA, including sites in both the CeL and CeM 51,100 ( fig. 3) . Thus, neuronal subpopulations and anatomical sites that volume 20 | APRIl 2019 | 231 NATuRe RevIewS | NEurosciENcE P e r s P e c t i v e s
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Appetitive dominated a | An anatomical depiction of sites within the central amygdala (CeA) at which optogenetic neuronal stimulation magnified and narrowly focused appetitive motivation to seek and consume a cocaine reward that was paired with the stimulation, compared with seeking alternative cocaine without amygdala stimulation (blue circles indicate increased appetitive motivation) 51 . Control sites in the basolateral amygdala (BL A) are also shown, at which optogenetic stimulation failed to enhance appetitive motivation (white circles indicate no change and yellow and orange circles indicate relative avoidance of optogenetic-paired cocaine). Sites throughout most of the CeA supported amplification of appetitive motivation in both the lateral (CeL) and medial (CeM) subdivisions of this nucleus 51 . b | A synthesis of affective modular hypotheses that view most CeA modules as negative-valenced modules that permanently mediate 'fear' or defensive reactions while allowing some other CeA modules to mediate positive-valenced motivations such as appetitive 'wanting' 21, [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . This figure shows negative-valence dominance in the CeA , in accordance with popular views, but some modular hypotheses might posit an equal balance of positive and negative modules. c | An affective modes hypothesis allows each CeA neuronal module to have more than one mode and to mediate either positive valence or negative valence. According to this hypothesis, a particular CeA module may have a valence bias (for example, here modules at the left have negative-valence biases whereas modules at the right have positive-valence biases), but any given module is capable of switching to the opposite valence in at least one mode. Three potential modes are shown in rows at the bottom, consistent with data suggesting that some, or conceivably even all, CeA modules may be capable of mediating either appetitive or defensive motivations 39, 51, 100 . The optogenetic appetitive CeA mode described in part a 51 corresponds to the third mode in the bottom row. A mixed compromise hypothesis could add one or two pure-valence modules if single-valence neural modules are ever proved to exist in the amygdala (not shown). Part a is adapted with permission from ref.
51
, Society for Neuroscience.
have been proposed to mediate negative valence would be recruited by such CeA stimulations, but the behavioural outcome in these situations was uniformly to magnify positive appetitive motivation. Although it is impossible to rule out the possibility that there are some negative-valence modules within the CeA, such near-universal CeAmediated generation of positive-valence reactions would seem unlikely if powerful CeA modules permanently dedicated to negative valence were being activated. Instead, the widespread amplification of appetitive motivation suggests that most CeA affective modules either participated in enhancing the positive-valence incentive valuation of the paired sensory reward or became functionally masked in the appetitive situation despite co-activation. At the least, any negative-valence CeA modules that were co-stimulated gave no functional sign of their existence under these conditions.
In addition, preliminary findings from a study that targeted optogenetic stimulation to CeA CRF-releasing neurons 101 , one of the proposed negative valence modules in the amygdala [95] [96] [97] 102 , using Crh-Cre transgenic rats 103 reproduced some of the same incentive motivation amplification effects of CeA optogenetic stimulation described above 101 . Similarly, other reports suggest that CeA CRF-releasing neurons can specifically participate in appetitive motivation 32 . Thus, CRF-releasing neurons of the CeA may not be dedicated affective modules for negative valence.
It is important to note that this is not proof against the existence of negativevalence modules in the amygdala and related structures: CRF-releasing neurons in the bed nucleus of the stria terminalis (BNST; including CeA subpopulations that specifically project to the BNST) may more robustly mediate fear and avoidance than CeA CRF neurons generally and therefore might well still turn out to be purely dedicated to negative-valence functions 101, 104 . If this is the case, the module's putative valence role should remain stable across a range of situations and experimental approaches and this should be a focus for future studies. Nevertheless, these observations do indicate that at least some putative CeA negative-valence modules do not live up to the assumption that their stimulation produces only defensive motivation, aversion or 'fear' . Instead, these observations suggest that some CeA modules previously proposed to mediate negative valence may well be more flexible in function and able to switch to a positive-valence mode at least in some situations 32 Conclusions: modules or modes? The findings described above indicate that affective modules do exist, at least in a limited sense as neural subunits that differ from each other in their affective capacities and in valence biases under standard laboratory conditions. However, they also may indicate a need for caution: our confidence in modular valence stability should be meted out only by degrees as evidence gradually builds, explicitly noting the range of conditions in which valence stability is thus far known to be maintained. It should be kept in mind that such modules may still be capable of switching modes and valenced roles in other, as yet untested, situations 41, 87 . Some readers will point out that there is as yet insufficient evidence to prove the multiple modes hypothesis, just as there is insufficient evidence to prove permanent modules. However, this lack of evidence puts both modules and modes into the same degree of doubt. It does not provide a protective umbrella to simply assume the stable affective module view is true until proved otherwise.
Some may also believe that defining affective modules in terms of smaller neural units is a tactic able to identify a module with true valence stability, even if larger units appear to switch affective modes. For example, as noted by one of the reviewers of this article, what looks like modes of function in a moderately large neural system (such as a projection pathway or brain subregion) conceivably may be accounted for by the heterogeneity present within that system. The logic of this suggestion presumes that a smaller subpopulation within the larger module, or a single neuron within it, will prove to keep truly stable valence coding even when put to strong tests. Perhaps in some cases this will prove to be the case; however, few if any neuronal modules have been put to such robust tests thus far. Typically, we merely have evidence that an individual neuron repeatedly discriminates a reward stimulus from an aversive stimulus or that activation of a subpopulation in a particular setting has reliable valenced consequences. However, this is often tested in just one or two situations, and mere repetition of valence reliability in one condition is not sufficient evidence to conclude that it will also show valence fidelity as conditions become much different.
In the future, experiments may be better designed to test valence stability across more dramatically different conditions than has been done in the past. These could include different external stressful, neutral and rewarding situations or different internal physiological and/or motivational states. A step in that direction has been provided by a recent report comparing valence coding by serotonin neurons in mice when they were freely moving with that when their head was fixed in one position; results showed that increasing stress levels (due to head fixation) did not alter the serotonin neuronal tuning to reward-related stimuli but only changed the amplitude of positive-valence responses 105 . Future experiments might use a wider range of situations to probe the stability of valence coding by a neuronal module and use converging monitoring and manipulation techniques to confirm valence conclusions. In this way, confidence in any claim for stable coding by an affective module would grow.
Conversely, the strongest evidence for a multiple modes view would arise if the module proposed to have a negativevalence function in one condition, or by one laboratory, turns out to have a positivevalence function in experiments conducted in another condition or by another laboratory. Examples in which this situation has already arisen might be the disputed roles of DRD2 neurons in the nucleus accumbens or of CRF-releasing neurons in the CeA 23, 32, [78] [79] [80] [95] [96] [97] 103, 106 . However, contradiction between claims does not mean that one valence claim is necessarily wrong. It might alert us instead to the fact that modular valence assignments are conditional to the particular experimental approaches and situations used to obtain them.
The possibility of multiple modes does not preclude the use of modular function labels such as 'defensive system' , 'fear circuit' , 'hedonic hot spot' , 'wanting circuit' or 'disgust system' . These are still useful terms because they describe real functional identities that can be reliably demonstrated, at least within a certain range of conditions. However, the same system or circuit might take on a different affective identity with shifts in neurobiological modes beyond those conditions. Recognition that limbic neural modules may have multiple neurobiological modes, with different affective functions, would change the way we think about those modules and carries implications for related clinical disorders. Awareness of the possibility of multiple modes may also help to avoid prematurely positing affective module hypotheses that later must be discarded if it turns out the module is also capable of other affective functions.
There is, admittedly, an explanatory gap between recognizing that multiple affective modes may exist on the one hand and specifying the mechanisms by which these mode switches occur on the other hand. What mechanism actually shifts a neural module between modes of affective function? The mechanism might relate to patterns of activity in larger circuitry in which it is embedded, to local neuromodulation of the state of the module itself, to synaptic plasticity in the circuitry and so forth. It is unsatisfying to have such explanatory gaps, but this may need to be tolerated until future research can fill the gaps by identifying the actual mechanisms involved in a mode shift. In the meantime, becoming alert to the possibility of multiple modes may help to facilitate the posing of research questions needed to identify mechanisms of mode shift. As Pasteur noted long ago, questions left unasked are rarely answered, whereas discovery favours the prepared mind
